The signaling pathways that mediate neurodegeneration are complex and involve a balance between phosphorylation and dephosphorylation of signaling and structural proteins. We have shown previously that 17␤-estradiol and its analogs are potent neuroprotectants. The purpose of this study was to delineate the role of protein phosphatases (PPs) in estrogen neuroprotection against oxidative stress and excitotoxicity. HT-22 cells, C6-glioma cells, and primary rat cortical neurons were exposed to the nonspecific serine/threonine protein phosphatase inhibitors okadaic acid and calyculin A at various concentrations in the presence or absence of 17␤-estradiol and/or glutamate. Okadaic acid and calyculin A caused a dose-dependent decrease in cell viability in HT-22, C6-glioma, and primary rat cortical neurons. 17␤-Estradiol did not show protection against neurotoxic concentrations of either okadaic acid or calyculin A in these cells. In the absence of these serine/threonine protein phosphatase inhibitors, 17␤-estradiol attenuated glutamate toxicity. However, in the presence of effective concentrations of these protein phosphatase inhibitors, 17␤-estradiol protection against glutamate toxicity was lost. Furthermore, glutamate treatment in HT-22 cells and primary rat cortical neurons caused a 50% decrease in levels of PP1, PP2A, and PP2B protein, whereas coadministration of 17␤-estradiol with glutamate prevented the decrease in PP1, PP2A, and PP2B levels. These results suggest that 17␤-estradiol may protect cells against glutamate-induced oxidative stress and excitotoxicity by activating a combination of protein phosphatases.
Introduction
Protein phosphatases (PPs) are essential in directing signaling toward neuroprotection or neurodegeneration. PPs are important regulators of neurodegenerative disease processes such as Alzheimer's disease (AD), in which oxidative stress is an important contributing factor (Perry et al., 2002) . Additionally, PPs are important regulators of tau phosphorylation. In neurons, okadaic acid causes hyperphosphorylation of tau, synapse modification, microtubule destabilization, and apoptosis (Harris et al., 1993; Saito et al., 1995; Fernandez-Sanchez et al., 1996; Garver et al., 1996; Malchiodi-Albedi et al., 1997; Merrick et al., 1997) . PP1, PP2A, and PP2B (calcineurin) expression and/or activity have been found to be reduced greatly in AD brains compared with aged-matched control brains (Gong et al., 1993; Lian et al., 2001; Sontag et al., 2004) .
The pathological mechanisms that are activated during neurodegenerative diseases, including oxidative stress, excitotoxicity, inflammatory responses, mitochondrial dysfunction, and apoptosis, are antagonized by estrogens (Green et al., 1996 (Green et al., , 1997a (Green et al., ,b, 1998 Gridley et al., 1997) . In vitro studies indicate that estrogens increase the viability and differentiation of primary cultures from different neuronal populations from the hypothalamus, amygdala, neocortex, or hippocampus. Numerous in vivo studies have also demonstrated the neuroprotective effects of estrogens in a variety of animal stroke models, including transient and permanent middle cerebral artery occlusion Alkayed et al., 1998; Dubal et al., 1998) , global forebrain ischemia (Sudo et al., 1997) , photothrombotic focal ischemia (Fukuda et al., 2000) , glutamate-induced focal cerebral ischemia (Mendelowitsch et al., 2001) , and subarachnoid hemorrhage (Yang et al., 2001) .
Excitotoxicity and oxidative stress are known to disrupt intracellular signaling by persistently activating several phosphorylation-dependent pathways. Insult-induced persistent activation of ERK1/2 (extracellular signal-regulated kinase 1/2) has been shown to play a role in oxidative stress-induced cell death in HT-22 and primary neurons (Stanciu et al., 2000) . Persistent activation of protein kinase C (PKC) associated with ethanol-induced neurotoxicity has also been shown (Jung et al., 2005) . Also, in models of stroke, brain trauma, and neurodegenerative diseases, the detrimental effects of persistent activation of ERK1/2 during oxidative as well as excitotoxic neuronal injury have been documented (Slevin et al., 2000; Stanciu et al., 2000; Zhu et al., 2002a,b; Ferrer et al., 2003; Harper and Wilkie, 2003) . Estrogens have been shown to block the persistent activation of both ERK and PKC (Watters et al., 1997; Singh et al., 1999 Singh et al., , 2000 Bi et al., 2000; Kuroki et al., 2000; Jung et al., 2005) The role of PPs in estrogen-mediated neuroprotection against excitotoxicity and oxidative stress-induced cell death was investigated. In this study, we show that inhibition of PPs prevents the 17␤-estradiol-mediated neuroprotection against oxidative and excitotoxic stress. Inhibition of PPs is neurotoxic, and 17␤-estradiol is ineffective in protecting against this toxicity. Oxidative stress and excitotoxicity cause a decrease in PP content, which is antagonized by 17␤-estradiol. In the presence of okadaic acid, the 17␤-estradiol-mediated stabilization of PP levels is abrogated. Collectively, these data implicate a role for PPs in estrogen-mediated neuroprotection.
Materials and Methods
Chemicals. 17␤-Estradiol was purchased from Steraloids (Wilton, NH) and dissolved in dimethyl sulfoxide (DMSO) at a concentration of 10 mM and diluted to appropriate concentration in culture media. Calcein AM was purchased from Molecular Probes (Eugene, OR). Okadaic acid, L-glutamate, and DMSO were purchased from Sigma (Paris, KY). Calyculin A was purchased from Calbiochem (La Jolla, CA). Anti-PP1, anti-PP2A, and anti-PP2B were purchased from Santa Cruz Biotechnology (Santa Cruz, CA).
Cell culture. HT-22 and C6-glioma cells were cultured in DMEM supplemented with 10% charcoal-stripped FBS (HyClone, Logan, UT) and gentamicin (50 g/ml) at 37°C in an atmosphere containing 5% CO 2 and 95% air. HT-22 cells were obtained from David Schubert (Salk Institute, San Diego, CA). C6-glioma cells were obtained from American Type Tissue Collection (Rockville, MD). HT-22 and C6-glioma cultures were maintained at 50 and 100% confluency, respectively, in monolayers in plastic 75 cm 2 flasks. Culture of primary cortical neurons. Cerebral cortex rat embryo (18 d) were dissected and harvested in preparation medium (DMEM; 4.5 g/L glucose, 100 U/ml penicillin, 100 g/ml streptomycin). The cortical tissue was treated with trypsin. The tissue was washed three times using washing medium (HBSS; 4.5 g/L glucose, 100 U/ml penicillin, 100 g/ml streptomycin), and individual cells were isolated by mechanical trituration using three different sizes of fire-polished Pasteur pipettes. The cells were harvested in seeding medium (DMEM; 4.5 g/L glucose, 100 U/ml penicillin, 100 g/ml streptomycin, 2 mM glutamine, 19% horse serum) and filtered through 40 m filter. The cerebral cortical cells were seeded in poly-L-lysine-treated 100 mm dishes and 96-well plates at a density of 100,000 cells/ml and 25,000 cells per well, respectively. The cells were incubated in neurobasal medium (DMEM; 4.5 g/L glucose, 100 U/ml penicillin, 100 g/ml streptomycin, 2 mM glutamine) supplemented with B-27 with antioxidants in normal cell culture condition of 37°C in a humid atmosphere of 5% CO 2 . Two hours before treatment with various inhibitors and/or 17 ␤-estradiol, the media was replaced with neurobasal medium supplemented with B-27 without antioxidants.
Cell viability assay. HT-22 and C6-glioma cells were seeded 24 h before initiation of the experiment at a density of 3500 cells per well in 96-well plates. Cells were exposed to various concentrations of okadaic acid and calyculin A to determine the dose-dependent neurotoxicity of PP inhibitors. In HT-22 cells, 100 nM okadaic acid, 1 nM calyculin A, 10 mM glutamate, and 10 M 17␤-estradiol were used in the treatment paradigms. In C6-glioma cells, 100 nM okadaic acid, 500 pM calyculin A, 20 mM glutamate, and 10 M 17␤-estradiol were used. In primary cortical neurons, 50 nM okadaic acid, 10 nM calyculin A, 50 M glutamate, and 100 nM 17␤-estradiol were used. After exposure to various treatment paradigms, cells were rinsed with PBS, and cell viability was measured using the membrane-permeant calcein-AM dye (Molecular Probes). Calcein-AM is a fluorogenic esterase substrate that is hydrolyzed to a fluorescent product in cells having esterase activity and intact membranes. Cells were incubated in a solution of 2.5 M calcein-AM in PBS. Twenty minutes later, fluorescence was determined using a Bio-Tek (Winooski, VT) FL600 microplate reader with an excitation/emission filter set of 485/530 nm. Cell culture wells treated with methanol served as blanks. The results, obtained in relative fluorescent units, are expressed as the percentage of untreated or vehicle-treated control values.
Immunoblot analysis. Protein from whole-cell lysates (25 g) was separated by SDS-PAGE and transferred to Immunobilon-P polyvinylidene difluoride (Millipore, Bedford, MA) membrane. Membranes were rinsed in Tris-buffered saline (10 mM Tris-base, pH 8.0, 100 mM NaCl) containing 0.2% Tween 20 and then blocked with 3% bovine serum albumin. Blots were then incubated with primary antibodies overnight at 4°C, rinsed, and incubated in the appropriate secondary antibody before detection using enhanced chemiluminescence (ECL; Pierce Biotechnology, Rockford, IL). ECL results were digitized and quantified using UVP (Upland, CA) Bioimaging System. Statistical analysis. Statistical significance was determined by one-way ANOVA followed by a Tukey's multiple comparison test. p Ͻ 0.05 was considered significant for all experiments. Each set of data represents three or more individual assays performed separately, with each containing four to eight replicate wells. The values are reported as the mean Ϯ SEM.
Results

Effects of protein phosphatase inhibitors on estrogenmediated neuroprotection against glutamate-induced cytotoxicity
To determine the effectiveness of 17␤-estradiol to protect the cells against oxidative stress or excitotoxicity induced by glutamate in the presence of a PP inhibitor, we examined simultaneous treatment of 17␤-estradiol with glutamate and the nonspecific PP inhibitors okadaic acid or calyculin A. Figure 1 shows the results for simultaneous treatment of okadaic acid with 17␤-estradiol in HT-22, C6-glioma, and primary cortical neurons. In the absence of PP inhibitors, 17␤-estradiol was neuroprotective in all three cell types ( Fig. 1 ) against glutamate-induced cytotoxicity. 17␤-Estradiol-mediated neuroprotection against glutamate induced toxicity was abolished in the presence of increasing concentrations of okadaic acid or calyculin A in HT-22, C6-glioma, and primary cortical neurons. Abolition of estrogen protection against glutamate toxicity was seen at 10 nM okadaic acid in HT-22 and C6 cells and at 5 nM okadaic acid in primary rat cortical neurons. Results from experiments in which cells were pretreated with 17␤-estradiol for either 2 or 24 h before addition of glutamate and/or okadaic acid were similar to the simultaneous treatment data (data not shown). The presence of calyculin A (50 pM in HT-22 and primary neurons and 25 pM in C6-glioma) also abolished the neuroprotective effects of 17␤-estradiol against oxidative-and excitotoxic stress-induced death caused by glutamate as seen with okadaic acid (data not shown). The concentrations at which either okadaic acid or calyculin A prevented the neuroprotective effects of 17␤-estradiol against glutamate-induced cell death were not neurotoxic in these cells (Fig. 2) .
Effect of okadaic acid or calyculin A on cell viability
To determine the effects of PP inhibition on cell viability, cells were exposed to okadaic acid or calyculin A. Exposure to nonspecific PP inhibitor, okadaic acid, caused a dose-dependent cell death in both HT-22 and C6-glioma cells with an LD 50 of 81 and 87 nM, respectively (Fig. 2 A) . Okadaic acid treatment in primary cortical neurons resulted in a dose-dependent decrease in cell viability similar to results seen in HT-22 and C6-glioma cells; however, okadaic acid was more potent in primary neurons, with an LD 50 of 40 nM (Fig. 2 A) .
Calyculin A, a PP1 and PP2A inhibitor, also showed a dosedependent decrease in viability in all three cell types (Fig. 2 B) . Cell viability decreased precipitously at a threshold concentration of 500 pM in C6-glioma cells, whereas HT-22 cells exhibited a more typical dose-dependent response with a 50% decrease in cell viability with Ͼ500 pM treatment. Calyculin A decreased cell viability in a dose-dependent manner in primary cortical neurons with a LD 50 of 67 pM (Fig. 2 B) .
Estrogens did not prevent the protein phosphatase inhibitorinduced cell death 17␤-Estradiol is a potent neuroprotectant; therefore, to assess the neuroprotective effects of 17␤-estradiol, cells were exposed to 17␤-estradiol simultaneously, 2 or 24 h before treatment with neurotoxic concentrations of okadaic acid or calyculin A. Neither simultaneous nor 2 or 24 h pretreatment with 17␤-estradiol protected HT-22, C6-glioma, or primary rat cortical neurons against okadaic acid-or calyculin A-induced cell death (Fig. 3) . The 24 h pretreatment results are not shown but were same as those presented in Figure 3 .
Time-dependent effects of 17␤-estradiol and/or glutamate PP2A protein levels We examined the time course of the response of PP2A protein expression to treatment with glutamate and/or 17␤-estradiol in HT-22 cells. Glutamate treatment (10 mM) caused a reduction in PP2A levels that was significant at 30 min, and a 50% or greater reduction persisted through 24 h of treatment (Fig. 4) . 17␤- Estradiol (10 M) alone did not significantly affect PP2A levels at any given time compared with untreated controls. However, simultaneous treatment with 17␤-estradiol and glutamate caused a rapid and profound increase in PP2A expression at 15 and 30 min, followed by a return to normal levels by 1 h after treatment that persisted through 24 h treatment.
Effects of 17␤-estradiol on PP1, PP2A, and PP2B protein expression Treatment of HT-22 cells with 10 M 17␤-estradiol alone for 24 h did not show any effect on the expressions of any PP compared with untreated control cells (Fig. 5) . However, 24 h of 10 mM glutamate treatment caused a marked decrease in protein levels of PP1, PP2A, and PP2B in HT-22 cells (Fig. 5 ). Simultaneous treatment with 17␤-estradiol in the presence of 10 mM glutamate restored PP1 and PP2A protein expression to levels comparable with untreated control cells (Fig. 5) ; however, although there was a tendency for increased PP2B expression with simultaneous estrogen treatment, the difference was not statistically significant. The attenuation of glutamate induced declines in phosphatase expression by estrogen was abolished in the presence of 100 nM okadaic acid.
Primary rat cortical neurons showed a pattern similar to that seen in HT-22 cells (Fig. 6) . As in HT-22 cells, PP1, PP2A, and PP2B protein expressions were decreased after 50 M glutamate. The decrease in protein expression caused by glutamate was attenuated with simultaneous 100 nM 17␤-estradiol treatment. Additionally, 17␤-estradiol was unable to prevent the glutamate mediated decrease in protein expressions of PP1, PP2A, and PP2B in the presence of 50 nM okadaic acid.
Discussion
The present study reports several significant findings. First, we confirmed that PP inhibitors are potent neurotoxins in transformed neuronal and glial cell types as well as in primary cortical neurons. Second, we demonstrated for the first time that estrogen treatment regimens that are protective against other neurotoxic insults do not protect against the toxic effects of the PP inhibitors. Third, the protective effects of estrogens against glutamate toxicity are antagonized by phosphatase inhibition. Finally, estrogens antagonize the reduction in PP1, PP2A, and PP2B induced by glutamate but not in the presence of okadaic acid. Collectively, these data support the hypothesis that phosphatase induction is a major component of estrogen-mediated neuroprotection.
PP inhibitors are well known cytotoxins. Okadaic acid is a potent inhibitor of PP1 and PP2A at low concentrations (10 and 0.1 nM, respectively). It is also an inhibitor of PP2B at higher micromolar concentrations. In the present study, we observed a dose-dependent neurotoxic effect of okadaic acid in HT-22, C6-glioma, and primary cortical neurons. The neurotoxic effects of okadaic acid were clear with doses as low as 50 nM in primary neurons, which is in agreement with studies by other laboratories (Fernandez et al., 1991; Candeo et al., 1992; Nuydens et al., 1998; Kim et al., 2000) . Numerous studies have also shown okadaic acid to be cytotoxic in a variety of other cell types (Morimoto et al., 1999 (Morimoto et al., , 2004 Huynh-Delerme et al., 2003; Parameswaran et al., 2004) . Calyculin A is also a potent inhibitor of PP1 and PP2A. Calyculin A induces apoptosis in osteoblastic cells (Morimoto et al., 1997) , oral squamous carcinoma cells (Fujita et al., 1999) , submandibular gland cells (Morimoto et al., 1999) , and neuronal cells (Ko et al., 2000; Li et al., 2004) . In our hands, calyculin A was a more potent neurotoxin than okadaic acid. The inability of 17␤-estradiol to protect cells against the neurotoxic effects of okadaic acid and calyculin A supports the argument that PP are involved in the neuroprotective effects of 17␤-estradiol against glutamate-induced oxidative stress and excitotoxicity. Numerous studies from this laboratory, as well as others, have established clearly that estrogen compounds are potent neuroprotective agents, both in vitro and in vivo (for review, see Behl and Manthey, 2000; Green and Simpkins, 2000; Garcia-Segura et al., 2001; Lee and McEwen, 2001; Wise et al., 2001) . These effects are mediated at least in part through the rapid but acute phosphorylation of signaling proteins such as adenylyl cyclase, Akt, protein kinase A, PKC, and MAPK (mitogen-activated protein kinase) (Migliaccio et al., 1996; Kelly and Wagner, 1999; Singh et al., 1999; Zhang et al., 2001) . Changes in the activity of these enzymes can regulate the phosphorylation of numerous cellular substrates including intermediary signaling proteins such as Rsk, p38, and c-Jun N-terminal protein kinase as well as the nuclear transcriptional factors cAMP response element-binding protein and cfos/cjun, which may ultimately mediate cell survival changes (for review, see Lee and McEwen, 2001 ).
The present study provides a potential mechanism for these effects of estrogens, through the prevention of insult-induced decrease in phosphatase activity and the resulting neurotoxic, persistent hyperphosphorylation of proteins in multiple signaling pathways. We have demonstrated that the neuroprotective effects of estrogens against glutamate toxicity are blocked by phosphatase inhibition and that estrogens prevent insult-induced reduction in protein phosphatase levels, suggesting that protein phosphatases play a role in estrogen-mediated neuroprotection against neurotoxic effects of oxidative stress and excitotoxicity. A specific consideration of the effects of estrogens on signaling in the ERK1/2 pathway is informative. Estrogens cause a rapid, transient phosphorylation of ERK1/2 in neuroblastoma (Watters et al., 1997), non-neuronal cells (Migliaccio et al., 1996) , and cortical explants (Singh et al., 1999) , as well as in the cortex of estrogen receptor-␣ knock-out mice (Singh et al., 2000) . This transient phosphorylation of ERK1/2 is believed to mediate a neuroprotective signal, whereas persistent phosphorylation of ERK1/2 is associated with apoptosis, likely through nuclear translocation and retention of phosphorylated ERK1/2 (Kuperstein and Yavin, 2002; Kins et al., 2003) . The transient nature of neuroprotective signaling indicates that dephosphorylation through activation of phosphatases is required. Indeed, pharmacological inhibition of ERK1/2 signaling is neuroprotective in a number of cell model systems (Murray et al., 1998; Barone et al., 2001) , including the HT-22 cell oxidative stress model used in our studies (Satoh et al., 2000; Stanciu et al., 2000) . Similarly, in models of stroke, brain trauma, and neurodegenerative diseases, there are detrimental effects of persistent activation of ERK1/2 during oxidative neuronal injury as well as excitotoxic injury (Alessandrini et al., 1999; Slevin et al., 2000; Stanciu et al., 2000; Zhu et al., 2002a,b; Ferrer et al., 2003; Harper and Wilkie, 2003; Wang et al., 2003 Wang et al., , 2004 .
A variety of insults have been shown to cause the hyperphosphorylation of tau (Guttmann et al., 1995; Schweers et al., 1995) . The present data may provide a mechanism by which estrogens ameliorate the effect of insult on tau hyperphosphorylation in vitro (Alvarez-de-la-Rosa et al., 2005) and in ischemia/ reperfusion-induced injury in vivo (Wen et al., 2004) . By preventing insult-induced decreases in protein phosphatases, estrogens could allow for the dephosphorylation of tau even in the face of an insult stimulation of tau phosphorylation. This could contribute to the beneficial effects of early postmenopausal estrogen therapy on the development of AD (Paganini-Hill and Henderson, 1994; Tang et al., 1996; Zandi et al., 2002; Bagger et al., 2005) .
The mechanism by which estrogens increase protein phosphatase levels is not known. To date, we are not aware of an estrogen response element in the regulatory regions of the protein phosphatases under study. Therefore, we hypothesize that protein phosphatase signaling is through an alternative pathway. One intriguing possibility is that the signaling pathways activated by neurotoxic insults suppress phosphatase expression or enhance the proteolytic breakdown of these important proteins. Estrogens then could induce an increase in phosphatase production and/or reduce proteolysis thereby normalizing protein phosphatase levels and regulating signaling along phosphorylation-dependent pathways.
We find it remarkable that all three protein phosphatases appear to respond similarly to estradiol, glutamate, okadaic acid, and their combination in HT-22, C6-glioma, and primary neuronal cultures. The robust decrease in these three protein phosphatases in response to glutamate in a model of oxidative stress (HT-22 and C6-glioma cells) and to excitotoxicity (primary cortical neurons) suggests that protein phosphatase inhibition may be a common neurotoxic event for these insults. Similarly, the ability of estrogens to antagonize these glutamate-induced reductions in protein phosphatases suggests that this action is common to estrogen protection in both oxidative stress and excitotoxicity in neurons. In addition, experimental data from various studies have shown not only the ability of estrogen to protect glial cells from various toxins (Bishop and Simpkins, 1994; Haghighat et al., 2004; Takao et al., 2004) but also the mediation of glial cells in estrogen neuroprotection (Sortino et al., 2004; Wynne and Saldanha, 2004) . Therefore, it is important to understand the mechanism of estrogen actions in both neurons and glia. The results from the present study suggest that there is a common mechanism of neuroprotection by estrogens in neuronal and glial cells.
Although accumulating evidence from experimental studies using cell and animal models suggests that estrogens are potent neuroprotective agents against multiple types of neurodegenerative diseases and injuries, recent clinical studies have reported either inconclusive or untoward effects of hormone therapy on the brain (Mulnard et al., 2000; Rapp et al., 2003; Shumaker et al., 2003 Shumaker et al., , 2004 Espeland et al., 2004) . The discrepancies in the results of basic science and clinical studies has been addressed by several recent reports (Brinton, 2003; Simpkins and Singh, 2004; Singh and Simpkins, 2005) and may be explained by a number of factors, including the preparation of the estrogen and progesterone used in the Women's Health Initiative Memory (WHIM) studies, the continuous exposure regimen, the advanced age of the women at the initiation of hormone or estrogen therapy, and the cardiovascular health of the women (Singh and Simpkins, 2005) . It remains unknown to what extent these conditions of the WHIM studies contribute to the aforementioned differences in the reported effects of hormone therapy.
In summary, we have demonstrated that estrogen-mediated neuroprotection is antagonized by protein phosphatase inhibition in a manner associated with estrogen-induced increases in protein phosphatase levels. These data provide support for the hypothesis that estrogen-induced neuroprotection is mediated by protein phosphatases.
